Assays of alkaline pyrophosphatase activity in crude plant extracts are inhibited by soluble calcium coextracted with the enzyme from leaf tissues. Calcium concentrations in most extracts are high enough to interfere seriously with the assay.
The wide occurrence of a Mg2"-activated alkaline pyrophosphatase in plant tissues has been reported (13) . Concurrently, its activity was studied in detail and comparisons to the alkaline pyrophosphatases from yeast and animal tissues were made (12) .
Interest in this enzyme was renewed, when Hatch and Slack (6) suggested that it plays an important role in C4 photosynthesis. High activitites in leaves of C4 plants were shown (7, 14) , and the obvious inference was that high levels of pyrophosphatase activity might serve as a useful and simple tracer of C4 photosynthesis. Later on, this suggestion was rejected by Bucke (2) , who found high activities in leaves of two C3 plants (spinach and Chenopodium album). The simplicity of the test is appealing for a preliminary screening of a large number of plant species, since the enzymic activity is adequately stable, the cost is low and there is no need for expensive equipment.
We tried to assess anew the reliability of alkaline pyrophosphatase activity as an index of the C4 pathway and we came upon a peculiar inhibition, present in most crude plant extracts. The characteristics of this inhibition and the identification of the responsible factor as soluble Ca are the subjects of the present paper.
MATERIALS AND METHODS
Plant material was collected from the field and used immediately. One and ended after 2-10 min with 6.2 ml of 0.25% w/v ammonium molybdate in 0.5 N H2SO4. Short (2-5 min) and long (5-10 min) assay times were used with extracts of high and low pyrophosphatase activity respectively and care was taken to insure that measured activities were linear with time. The Pi was measured colorimetrically at 669 nm, according to Fiske and Subbarow (5) . Blanks without enzyme and without PPi were concurrently run and the appropriate corrections were made for nonenzymic hydrolysis of PPi and any absorption at 660 nm by plant extracts.
For soluble and total Ca determinations, extracts and leaftissues were dried at 100 C and then ashed at 600 C. Calcium was precipitated as calcium oxalate and titrated with permanganate with the method of Johnson and Ulrich (8) .
RESULTS
With most crude extracts, an increase of the amount used for the assay of pyrophosphatase brings about a pronounced inhibition of the enzymic activity. Results from three representative plants are shown in Figure 1 Figure 2 and Table II tered in each extract should be roughly proportional to the amount of extracted Ca, if it were to be attributed to this cation. Figure 4 shows the results of Ca determinations in extracts, plotted against the observed inhibition. The close relationship of extracted Ca to the degree of inhibition is obvious and the concentrations of Ca are of the expected order of magnitude to be considered as the cause of inhibition (compare Ca + concentrations in the extracts and per cent inhibition with the data in Fig. 3 ). Quite unexpectedly all C4 plants examined (10 species) are grouped together at the low Ca side of Figure 4 , whereas C3 plants (10 species) cover the whole range of Ca concentration. The C4 plant with the highest soluble Ca (2.48 mg/g fresh weight) is Sorghum halepense and this may not be unrelated to the observation that this species reverts to C3 photosynthesis after anthesis (9) . The apparent ability of C4 plants in keeping soluble Ca at low levels in their leaf tissues opens up very interesting vistas concerning the regulation of C4 photosynthesis by inorganic cations.
GAVALAS AND MANETAS
To see whether soluble Ca is related or not to total Ca in leaf tissues, both were determined in leaf samples of several C4 and C3 plants (Table III) . The emerging picture is that graminaceous C4 plants control the concentration of soluble Ca in their leaves at the level of absorption and/or translocation, whereas in dicotyledonous C4 plants total Ca is relatively high, but kept in the insoluble fraction.
DISCUSSION
Calcium inhibition of purified alkaline inorganic pyrophosphatases from various sources has been conclusively shown and studied in detail by several authors (11, 13 , and literature therein). The available information indicates that the actual substrate for the enzyme is a 1:1 Mg-PPi complex (Mg-PPi2-), whereas an analogous Ca-PPi complex competes with the substrate for binding on the active site; among the bivalent metals studied, Ca is the most potent inhibitor (3).
This inhibitory action of Ca, has been largely overlooked in assays of pyrophosphatase activity in crude plant extracts (2, 12, 14) , apparently under the tacit assumption that only negligible amounts of Ca could be extracted from plant tissues. The inclusion of 1 mm EDTA in extraction media served to appease any apprehension of interference from metals; nevertheless, this concentration of EDTA, though adequate for complexing trace elements, is too low for removal of inhibitory macroelements like Ca.
As is evident from the example of pyrophosphatase, the possibility of coextracting an inhibitory macroelement warrants particular consideration, when assaying crude extracts for enzymic activities, since the additives commonly used (chelators, PVP, BSA, etc.) protect only against organic substances and trace elements.
Desalting of plant extracts appears to be a necessary precaution for reliable assays of pyrophosphatase activity. Alternatively, the lowest possible amount of extract should be used, EDTA in the extraction medium raised up to 10 mm, and the assay performed not only at 10 mM MgCl2, but also at higher concentrations to make sure that the highest activity is obtained.
Undoubtedly, the most important outcome from our study is the apparent efficiency of C4 plants in keeping soluble Ca at low levels in their leaves. Though the limited number of C4 plants examined appear as calciphobes, the full significance of Ca in the operation of the C4 pathway cannot be assessed with the available data. It remains to be seen whether low soluble Ca is indeed a prerequisite for the smooth functioning of this biosynthetic route.
The sodium requirement for some, if not all, C4 plants (1) and the calciphobia inferred from our results make it probable that C4 photosynthesis and mineral nutrition are closely interconnected, though our present understanding of the relationship(s) involved is almost nil.
